Introduction
============

Why do some people achieve more than others? Searching for the secret to success is one major goal in the field of psychology. Many psychological attributes, such as general intelligence ([@nsw145-B30]) and conscientiousness ([@nsw145-B89]), are consistently related to achievement. Over the past decade, a newly explored personality trait named 'grit' has been found to play an extremely crucial role in achievement. [@nsw145-B21] first introduced this personality construct, defining it at the trait level as passion and perseverance for long-term goals. Moreover, Duckworth and colleagues proposed that grit differs from several related personality traits such as conscientiousness and self-control ([@nsw145-B21]; [@nsw145-B19]). Specifically, grit involves maintaining both effort and passion toward long-term goals over months or even years, whereas the traits mentioned above do not necessarily involve such goals.

Numerous studies have shown that grit predicts achievement-related outcomes in many professional domains. For instance, many cross-sectional studies have revealed that grit is related to education level ([@nsw145-B21]), academic achievement ([@nsw145-B21]; [@nsw145-B25]; [@nsw145-B81]; [@nsw145-B8]; [@nsw145-B96]), exercise adherence ([@nsw145-B70]) and work engagement ([@nsw145-B83]). Furthermore, a series of longitudinal studies have suggested that grit can predict subsequent academic performance in middle school students and undergraduates ([@nsw145-B21]; [@nsw145-B22]; [@nsw145-B8]; [@nsw145-B4]), final score and rank in the National Spelling Bee ([@nsw145-B21]; [@nsw145-B22][@nsw145-B20]), retention of the hard summer training at West Point ([@nsw145-B21]; [@nsw145-B55]; [@nsw145-B42]) and teacher effectiveness ([@nsw145-B23]; [@nsw145-B72]). These findings indicate that grit plays a causal role in achievement-related outcomes.

Although the concept of grit has drawn considerable scientific and popular attention over the past several years ([@nsw145-B91]), the neural processes underlying this trait remain largely unknown. According to our knowledge, only one recent study investigated the neural basis underlying grit, and this study found that grit was related to the resting-state functional connectivity (RSFC) between the ventral striatum and the prefrontal cortex (PFC), including the dorsomedial prefrontal cortex (DMPFC), dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC) ([@nsw145-B62]). Even so, a body of previous studies of grit-related constructs have suggested that cortical regions involved in grit may be part of the PFC. Specifically, grit shares features with high conscientiousness and low neuroticism in the 'big five' personality model ([@nsw145-B21]; [@nsw145-B22]). Many studies have revealed that conscientiousness and neuroticism are mainly correlated with subregions of the PFC, such as the DMPFC and DLPFC ([@nsw145-B98]; [@nsw145-B97]; [@nsw145-B17]; [@nsw145-B47]; [@nsw145-B26]; [@nsw145-B53]; [@nsw145-B75]). Broadly, grit is a subcomponent of the complex construct of self-regulation ([@nsw145-B58]), and mounting empirical evidence has indicated that the PFC is closely associated with self-regulation ([@nsw145-B41]). Furthermore, numerous lesion studies have suggested that patients with PFC damage have difficulty making plans and maintaining long-term goals ([@nsw145-B76]; [@nsw145-B40]; [@nsw145-B84]). Taken together, the findings consistently suggest that the PFC, which is related to goal-directed thought and behavior ([@nsw145-B28]; [@nsw145-B82]), task management and planning ([@nsw145-B45]; [@nsw145-B86]), and cognitive control ([@nsw145-B59]; [@nsw145-B71]; [@nsw145-B87]), may play an essential role in individual differences in grit.

In recent years, resting-state functional magnetic resonance imaging (RS-fMRI) has become a sound instrument for detecting brain activity reflected in low-frequency fluctuations (LFFs, [@nsw145-B52]), which are associated with behavior performance ([@nsw145-B27]; [@nsw145-B6]). RS-fMRI can reliably predict individual differences of brain activities during task performance ([@nsw145-B88]). Due to its task-free condition and low cost, RS-fMRI confers a unique advantage in exploring the neural correlates underlying personality traits ([@nsw145-B56]). Here, we employed the fractional amplitude of low-frequency fluctuations (fALFF) ([@nsw145-B106]), which is a reliable and popular method to measure LFFs ([@nsw145-B107]). Prior studies have indicated that the fALFF reflects regional properties of intrinsic brain dynamics and is behaviorally relevant ([@nsw145-B106]; [@nsw145-B68]). Many investigations have used the fALFF to detect neuropsychiatric disorders, including mild cognitive impairment ([@nsw145-B34]), substance abuse disorder ([@nsw145-B64]), internet gaming disorder ([@nsw145-B50]), schizophrenia ([@nsw145-B35]) and major depressive disorder ([@nsw145-B32]; [@nsw145-B51]). Furthermore, the fALFF in healthy individuals has been correlated with individual differences in the 'big five' personality traits ([@nsw145-B47]), empathy ([@nsw145-B14]), inhibitory control ([@nsw145-B38]), subjective well-being ([@nsw145-B46]) and working memory ([@nsw145-B92]). Together, the findings suggest that fALFF analysis can be employed to uncover the neural mechanisms underlying human cognition, emotion, personality and social behavior. Based on the studies of grit reviewed above, we speculated that the fALFF in PFC regions (e.g. the DMPFC, DLPFC and ACC) might be correlated with individual differences in grit.

Moreover, PFC regions have also been associated with measures related to academic performance. For example, using electroencephalography (EEG), [@nsw145-B1] found that in working memory tasks, frontal energy in the delta and theta frequencies was higher in students with greater academic achievement than in students with lower academic achievement. Evidence from a longitudinal functional MRI (fMRI) study also showed that activation in frontal areas in an auditory narrative comprehension task could significantly predict students' college preparedness test scores ([@nsw145-B36]). In addition, a recent voxel-based morphometry study revealed a positive relationship between the regional gray matter volume of the frontal lobe and academic performance in children and adolescents ([@nsw145-B33]). Therefore, based on these findings and previous neural findings regarding grit, we speculated that the spontaneous activity of PFC regions may predict academic performance. Considering the central role of grit in academic performance, we also hypothesized that spontaneous activity in the PFC regions may mediate the influence of grit on academic performance.

To explore these questions, we first employed the 8-item Short Grit Scale (Grit-S, [@nsw145-B22]) to assess individual differences in grit between healthy adolescent students. Second, we correlated the participants\' self-reported grit scores with regional fALFF to identify cortical areas that could be significantly associated with grit. Third, we conducted mediation analyses to confirm the mediating effect of these grit-related areas on the relationship between grit and academic performance. To obtain satisfactory statistical power for whole-brain analyses, we focused on a large sample of adolescent students within a narrow age range because it is hard to identify individual differences across a broad age range ([@nsw145-B54]).

Methods
=======

Participants
------------

The participants included 234 students \[52.1% females; mean age = 18.60 years, standard deviation (s.d.) = 0.78 years\]. The data were collected from a longitudinal project that aimed to investigate the determinants of health, well-being and academic performance among adolescents in Chengdu, China. All participants were new high school graduates who graduated in June 2015 from several local public high schools. Seventeen participants were excluded for one of two reasons: no academic performance scores available (*n* = 14) or abnormal brain structure (*n* = 3) (e.g. unusual cyst). Therefore, 217 students (53.0% females; mean age = 18.48 years, s.d. = 0.55 years) were included in subsequent data analysis. None of the remaining participants reported a history of psychiatric disorder or neurological illness, and all were right-handed based on self-report using the Edinburgh Handedness Inventory ([@nsw145-B63]). The study was approved by the local research ethics committee of West China Hospital, Sichuan University. Prior to testing, we obtained written informed consent from all participants and their parents. The behavioral tests and MRI scans were conducted from June 2015 to September 2015.

Assessment of the trait grit
----------------------------

We used the Grit-S ([@nsw145-B22]) to measure individual differences in the trait grit. The scale includes two dimensions, each with four items: the consistency of interest, which reflects the maintenance of one's interests over a very long time; and the perseverance of effort, which reflects the tendency to continue to put forth effort in the face of failure or adversity. The response options for each item range from 1 (not at all like me) to 5 (very much like me). The scale's reliability and validity have been well established ([@nsw145-B22]). The Chinese version of the Grit-S shows satisfactory test-retest reliability (*r* = 0.78), internal reliability (Cronbach's α = 0.80), and criterion-related validity related to conscientiousness, self-control and academic performance ([@nsw145-B49]). In this study, Cronbach's α value for the Grit-S was 0.81, indicating adequate internal consistency.

To confirm that the previously reported two-factor structure with one higher-order factor of Grit-S score could be used with our data, we used AMOS software (Version 22.0) to conduct a confirmatory factor analysis (CFA). Four criteria were employed to assess the model's goodness-of-fit: the non-normed fit index (NNFI), and the comparative fit index (CFI), with values above 0.95 representing a good fit; the standardized root mean square residual (SRMR) and the root mean square error of approximation (RMSEA), with values below 0.06 indicating an excellent fit ([@nsw145-B37]; [@nsw145-B44]). The results suggested the two-factor model fit well to the data \[χ^2^ (19) = 27.79, *P \< *0.001\]. The indices of goodness-of-fit also revealed an excellent fit for the model (NNFI = 0.97, CFI = 0.98, SRMR = 0.035, RMSEA = 0.046). In summary, the CFA supported the two-factor structure of the Grit-S, which fits well with previous findings ([@nsw145-B22]). In the following analyses, we used only Grit-S total scores for two major reasons. First, the concept of grit was operationally defined as passion and perseverance for long-term goals, thus the total score might reflect a more comprehensive meaning of grit ([@nsw145-B21]; [@nsw145-B19]). Second, previous studies have shown high correlations between the total score and subscale scores and inter-factor correlations ([@nsw145-B21]; [@nsw145-B22]).

Assessment of general intelligence
----------------------------------

The Raven's Advanced Progressive Matrix (RAPM) is a popular and sound psychometric test for general intelligence ([@nsw145-B69]). Here, we used the RAPM as a confounding variable because the significant associations between grit, resting-state brain activity and academic performance may be caused by the indirect correlations between general intelligence, resting-state brain activity and academic performance ([@nsw145-B30]; [@nsw145-B78]). The RAPM consists of 36 nonverbal items, and participants are instructed to choose the missing part of a graphical matrix for each item ([@nsw145-B69]). The intelligence score was computed by summing the number of correct test answers. In this study, Cronbach's α value for the RAPM was 0.82, indicating adequate internal reliability.

Assessment of personality
-------------------------

Because the 'big five' personality traits have been found to be associated with grit ([@nsw145-B21]; [@nsw145-B22]), academic performance ([@nsw145-B65]) and resting-state brain activity ([@nsw145-B47]), we used the NEO Five-Factor Inventory (NEO-FFI) ([@nsw145-B13]) to control for the possible effect of personality on the relationships between grit, resting-state brain activity and academic performance. The questionnaire includes five subscales: neuroticism, extraversion, openness to experience, agreeableness and conscientiousness. Each subscale consists of 12 items that are rated on a 5-point Likert-type scale. The Chinese version of the NEO-FFI has acceptable internal reliability and criterion-related validity related to achievement motivation, learning approaches and thinking styles among Chinese students ([@nsw145-B104]; [@nsw145-B103]; [@nsw145-B11]). In this study, the NEO-FFI subscales showed adequate reliability, with Cronbach's α values ranging between 0.71 and 0.81.

Assessment of academic performance
----------------------------------

Academic performance was assessed using the standardized total score on the Chinese National College Entrance Examination (CNCEE); these scores were retrieved from the Chengdu Education Institute database. The CNCEE, which includes tests of four curriculum subjects (Chinese, English, Mathematics and Comprehensive Ability), was administered in June 2015.

RS-fMRI data acquisition
------------------------

We collected the data using a 3.0 T MRI scanner (Siemens-Trio, Erlangen, Germany) that was located at West China Hospital of Sichuan University, Chengdu, China. During the scanning, we required the participants to remain awake with their eyes closed and to not intentionally think about anything. We used headphones and foam pads to reduce scanner noise and to restrict head motion. For each participant, the 480 s scanning time included 240 contiguous echo-planar imaging (EPI) volumes (TR/TE = 2000/30 ms, slices = 30, thickness = 5 mm, in-plane matrix = 64 × 64, FOV = 240 mm × 240 mm, flip angle = 90°, interslice gap = 0 mm, voxel size = 3.75 × 3.75 × 5 mm^3^). In addition, we collected T1-weighted anatomical images for spatial registration with 1 × 1 × 1 mm^3^ resolution (TR/TE/TI = 1900/2.26/900 ms, matrix size = 256 × 256, flip angle = 9°, 176 slices).

RS-fMRI data analysis
---------------------

We preprocessed the data with the DPARSF toolbox ([@nsw145-B100]) and functions of SPM8 (<http://www.fil.ion.ucl.ac.uk/spm/software/SPM8>). First, we discarded the first 10 images to ensure the stability of the MRI signals during adaption of the participants. Second, we performed slice timing and head movement correction for the remaining 230 images; we excluded no data because the rotational and translational parameters never exceeded ±1.5° or ±1.5 mm. Third, we spatially normalized these images to the SPM8 EPI template with 3 × 3 × 3 mm^3^ resolution. Fourth, we used an 8 mm FWHM Gaussian kernel to smooth the resulting normalized data and then removed the linear trends. Finally, we regressed out the six head motion parameters to ensure that the LFF amplitude analysis was not affected by head motion ([@nsw145-B73]). Moreover, we calculated the mean framewise displacement (FD) ([@nsw145-B93]) as a covariate in group-level analyses, although the FD was not correlated with grit (*r* = −0.07, *P = *0.273).

We calculated the fALFF using the method developed by [@nsw145-B106] and [@nsw145-B107]. First, we used the Fourier transform to convert the time series of a specific voxel into the frequency domain and then obtained the power spectrum. Because the power of a given frequency is proportional to the square of the amplitude of this frequency component, we computed the square root at each frequency of the power spectrum and then obtained the mean square root across a low-frequency range (0.01--0.08 Hz) at each voxel. This mean square root was regarded as the ALFF ([@nsw145-B102]; [@nsw145-B95]). As a normalized score of the ALFF, the fALFF was calculated as a fraction of the sum of the amplitudes across the entire frequency range (0--0.25 Hz). Compared to the ALFF, the fALFF has been shown to be less susceptible to obvious pulsatile motion and nuisance signals ([@nsw145-B107]). Finally, to obtain the fALFF Z-score map for each participant, we subtracted the global mean fALFF and divided by the standard deviation.

Statistical analysis
--------------------

To identify the neural substrates of grit, a whole-brain regression analysis was performed with REST toolbox 1.8 ([@nsw145-B79]). In this analysis, we included the voxel-wise fALFF value as the dependent variable, the Grit-S score as the covariate of interest, and age, gender and FD as confounding covariates. For multiple comparisons correction, we employed Monte Carlo simulation ([@nsw145-B15]) using the AlphaSim program in REST. We set *P* \< 0.05 for a corrected cluster with 10 000 iterations (voxel-wise: *P \< *0.001; at least 24 voxels, 648 mm^3^). The AlphaSim program has been widely employed in prior studies that analyzed fALFF data (e.g. [@nsw145-B47]; [@nsw145-B46]).

To determine whether the grit-related brain regions could reliably explain the association between grit and academic performance, we performed a mediation analysis with the Grit-S score as the predictor variable (X), the fALFF of particular brain regions as the mediator variable (M) and academic performance as the outcome variable (Y). The three-variable mediation model used standard conventions to test the significance of the following relationships ([@nsw145-B66]): path a, indicating the relationship from X to M; path b, indicating the relationship from M to Y after controlling for X; path c (total effect), indicating the relationship from X to Y; and path c′ (direct effect) indicating the relationship from X to Y after controlling for M. The variable M is considered a mediator if the indirect effect (c − c′ or a × b) is significant. To examine the significance of the indirect effect, a bootstrapping test (5000 samplings) was used to generate 95% confidence intervals (CIs); a CI that does not include 0 suggests that the total effect between X and Y was mediated by M. The mediation analysis was conducted using the SPSS macro program ([@nsw145-B66]).

Results
=======

fALFF-Behavior correlation analysis
-----------------------------------

The descriptive statistics of all measures are presented in [Table 1](#nsw145-T1){ref-type="table"}. According to the assumption of normality ([@nsw145-B57]), the skewness and kurtosis of the measures are satisfactory (ranges from −1 to **+**1). Because the Grit-S total score was highly correlated with the two Grit-S subscale scores (consistency of interest: *r* = 0.86, *P \< *0.001; perseverance of effort: *r* = 0.84, *P \< *0.001), we used only the Grit-S total score as the measure of grit in the following analyses. Table 1Descriptive statistics of participant-level variables (*N* = 217)VariableMeans.d.RangeSkewnessKurtosisAge18.480.5516--200.491.67Grit25.554.3016--380.16−0.57RAPM24.165.596--36−0.290.02NEO-FFI Neuroticism33.846.5215--48−0.16−0.16 Extraversion42.486.1825--58−0.08−0.14 Openness41.264.7731--570.300.00 Agreeableness42.043.6231--52−0.07−0.05 Conscientiousness39.495.8322--55−0.020.30Academic performance520.4973.28301--645−0.560.01[^1]

To uncover the neural basis underlying grit, we conducted a whole-brain regression analysis. After controlling for age, gender and FD, grit was significantly and negatively related to the fALFF in a cluster that included the right DMPFC (BA10; MNI coordinates: 12, 54, 15; *r* = −0.35; Z = −5.38; *P \< *0.001; cluster size = 3591 mm^3^) ([Table 2](#nsw145-T2){ref-type="table"} and [Figure 1A](#nsw145-F1){ref-type="fig"}). We obtained no other significant associations. Fig. 1Brain regions associated with grit. (A) After controlling for age, gender and FD, grit was negatively associated with the fALFF in the right dorsomedial prefrontal cortex (DMPFC). (B) Grit was still associated with the fALFF in the right DMPFC, even after general intelligence and the 'big five' personality traits, as well as age, gender and FD were adjusted for.Table 2Summary of brain regions related to gritBrain regionBASideMNI coordinatesPeak Z scoreCluster size (mm3)xyzControlling for age, gender and FDDMPFC10R125415−5.383591Controlling for age, gender, FD, RAPM and NEO-FFIDMPFC10R125415−4.401026[^2]

To test the specificity of this correlation, we excluded confounding factors, including the RAPM and NEO-FFI dimensions. Behaviorally, we found no significant association between grit and RAPM (*r* = 0.04, *P = *0.536). Grit was associated with conscientiousness (*r* = 0.56, *P \< *0.001), neuroticism (*r* = −0.37, *P \< *0.001), extraversion (*r* = 0.17, *P \< *0.05), and agreeableness (*r* = 0.27, *P \< *0.001) but not with openness to experience (*r* = 0.03, *P* = 0.624). These results fit well with prior findings ([@nsw145-B21]; [@nsw145-B22]). Then, we generated an additional model to test the specificity of the association between grit and the fALFF in the right DMPFC, with the RAPM, NEO-FFI dimensions, age, gender and FD as confounding variables. The association remained significant even after these variables were controlled for (right DMPFC; BA10; MNI coordinates: 12, 54, 15; *r* = −0.29; *Z* = −4.40; *P \< *0.001; cluster size = 1026 mm^3^) ([Table 2](#nsw145-T2){ref-type="table"} and [Figure 1B](#nsw145-F1){ref-type="fig"}).

Mediation analysis
------------------

After identifying the neural basis of grit, we further explored whether the region identified through the initial analysis acted as a link between grit and academic performance. First, we replicated the significant correlation between grit and academic performance (*r* = 0.27, *P \< *0.001). Importantly, grit explained additional variance in academic performance (△*R*^2* *^=^* *^5.6%, *P* \< 0.001) beyond that explained by age, gender and FD. Second, we tested whether the region associated with grit was related to academic performance. The results indicated that the association between the fALFF in the right DMPFC and academic performance was significant (*r* = −0.26, *P \< *0.001). Furthermore, the fALFF in the right DMPFC explained additional variance in academic performance (△*R*^2* *^=^* *^5.3%, *P* \< 0.001) beyond that explained by age, gender and FD.

To examine whether the fALFF in the right DMPFC could mediate the influence of grit on academic performance, we carried out a mediation analysis with age, gender and FD as confounding variables. The results revealed that the right DMPFC played a mediating role in the association between grit and academic performance \[95% CI = (0.02, 0.12), *P \< *0.05; [Figure 2](#nsw145-F2){ref-type="fig"}\]. Moreover, we examined the mediating effect of the brain region identified from the secondary fALFF-behavior analysis in which age, gender, FD, RAPM and NEO-FFI dimensions were adjusted for. After controlling for the confounding factors, the smaller right DMPFC still mediated the effect of grit on academic performance \[95% CI = (0.02, 0.11), *P \< *0.05\]. Together, our findings indicate that the right DMPFC partially mediates the influence of grit on academic performance. Fig. 2The right dorsomedial prefrontal cortex (DMPFC) mediates the effect of grit on academic performance. The presented panel is the path diagram of the mediation analysis showing that grit affects academic performance through the fALFF of the DMPFC. All standard regression coefficients are significant (a, b, c and c′), and the indirect effect (c − c′ or a × b) is significant. Age, gender and FD are controlled for in the analysis.

To confirm that the results observed were replicable and reliable, we randomly divided our sample into two groups and determined whether both groups showed the same results. In group 1 (*N* = 108; 55 females; mean age = 18.55, s.d. = 0.58), grit was correlated with academic performance (*r* = 0.24, *P \< *0.01) and the DMPFC (*r* = −0.37, *P \< *0.001); academic performance was associated with the DMPFC (*r* = −0.25, *P \< *0.01); further mediation analyses showed that the DMPFC mediated the association of grit with academic performance \[95% CI = (0.01, 0.10), *P \< *0.05\]. In group 2 (*N* = 109; 60 females; mean age = 18.42, s.d. = 0.52), grit was correlated with academic performance (*r* = 0.26, *P \< *0.01) and the DMPFC (*r* = −0.31, *P \< *0.001); academic performance was associated with the DMPFC (*r* = −0.24, *P \< *0.01); further mediation analyses showed that the DMPFC mediated the association of grit with academic performance \[95% CI = (0.01, 0.09), *P \< *0.05\]. Age, gender and FD were controlled for in these analyses. Therefore, the results observed were replicable and reliable.

Discussion
==========

The present study examined the neural basis of grit and the relationship of the neural basis with academic performance in a sample of healthy adolescent students. Two main findings were revealed. First, a higher Grit-S score was associated with lower fALFF in the right DMPFC, identifying a functional neural mechanism of grit. Furthermore, after adjusting for the RAPM and NEO-FFI dimensions, the fALFF in the right DMPFC continued to be associated with grit, suggesting this measure is specific to grit. Second, the fALFF in the right DMPFC mediated the influence of grit on academic performance. Moreover, after controlling for the RAPM and NEO-FFI dimensions, the mediating effect of the right DMPFC was still significant, indicating the specificity of this effect. In summary, our findings provided initial evidence of the neural correlates underlying grit and identified the right DMPFC as a neural link between grit and academic performance.

Confirming our first prediction, we found that the fALFF in the right DMPFC could significantly predict individual differences in grit. The negative correlation between grit and spontaneous brain activity fits with several studies demonstrating higher (f)ALFF of the DMPFC in patients with self-regulation-related disorders such as attention deficit hyperactivity disorder ([@nsw145-B48]), substance use disorder ([@nsw145-B64]), anxiety disorder ([@nsw145-B67]) and major depressive disorder ([@nsw145-B32]; [@nsw145-B51]). Higher fALFFs of the DMPFC in low-grit individuals and patients with self-regulation failures might reflect a compensatory mechanism to offset structural or functional defects ([@nsw145-B101]; [@nsw145-B5]; [@nsw145-B64]), a larger effort to inhibit subcortical brain activities ([@nsw145-B39]; [@nsw145-B51]), or an increased cortical modulation of neural activity ([@nsw145-B99]; [@nsw145-B105]). This finding is also consistent with the findings in healthy individuals who showed higher DMPFC spontaneous activity and higher trait anxiety ([@nsw145-B90]). Behaviorally, lower grit scores have been found to be related to higher scores in impulsiveness ([@nsw145-B60]), substance use behaviors ([@nsw145-B31]), anxiety ([@nsw145-B77]) and depression ([@nsw145-B43]; [@nsw145-B2]). Because this study investigated only the neural correlates of grit in the resting-state, future studies may explore this issue in the task-state and compare the results using different measures of the brain.

In addition, many studies have consistently reported that the DMPFC is involved in various components of self-regulation, such as impulsiveness ([@nsw145-B12]; [@nsw145-B16]; [@nsw145-B61]), emotional regulation ([@nsw145-B9]), cognitive control ([@nsw145-B94]; [@nsw145-B87]) and delay discounting ([@nsw145-B10]; [@nsw145-B12]; [@nsw145-B74]). Moreover, evidence from lesion studies have shown that DMPFC dysfunction leads to an inability to make plans, to set and maintain goals, and to comprehend the complex intentions of others ([@nsw145-B40]; [@nsw145-B84]). Furthermore, the DMPFC has also been found to be associated with counterfactual thinking for reflecting on the past or predicting the future ([@nsw145-B3]). Evidence from a recent behavioral study has also shown that reflecting on past failures can improve participants' grit scores and that this improvement results in improved behavioral outcomes ([@nsw145-B18]). Thus, the activity of the DMPFC might correlate with grit through its association with counterfactual thinking for reflecting on past failures. Because the DMPFC is known as a high associative center in the frontal cortex ([@nsw145-B24]), the finding of a relationship between grit and DMPFC spontaneous activity might reflect its role in self-regulation, planning, the pursuit of goals and counterfactual thinking for reasoning about the past failures.

Confirming our second prediction, the current study suggested that the fALFF in the right DMPFC partially mediated the effect of grit on academic performance. As many prior behavioral studies have shown, grit is stably associated with academic performance, even after controlling for demographic factors and other predictors ([@nsw145-B21]; [@nsw145-B22]; [@nsw145-B25]; [@nsw145-B81]; [@nsw145-B8]; [@nsw145-B96]; [@nsw145-B4]). This observation is consistent with our finding that grit explained additional variance in academic performance after controlling for age, gender, general intelligence and the 'big five' personality traits. Therefore, grit is likely a crucial personality strength for cultivating students' academic performance. In addition, the finding that the fALFF in the right DMPFC correlates with academic performance fits well with several previous studies that reported associations between the DMPFC and measures of academic performance ([@nsw145-B80]; [@nsw145-B7]; [@nsw145-B33]). For example, [@nsw145-B80] found that in older adults, education level was positively related to DMPFC activity during a memory task, whereas in young adults, education level was negatively related to DMPFC activity. Given the youth and narrow age range of our sample, the negative correlation revealed in the present study is unsurprising. Considering the relationship of the right DMPFC with grit, the right DMPFC might serves as a neural link that can explain the common variance between grit and academic performance.

There are several limitations to this study. First, the participants were recruited from a population of healthy Chinese adolescents. Although the narrow age range of the participants confers the advantage of sufficient statistical power for whole-brain analyses, it may limit the generalizability of our findings. Therefore, future studies are needed to validate our findings among more diverse populations such as adults, the elderly and individuals with mental disorders. Second, considering the cross-sectional design, we could not come to a causal conclusion about the relationship between grit, fALFF and academic performance. Longitudinal studies may help determine the causal associations between these variables. Third, the assessment of grit relied on a self**-**reported questionnaire, which was vulnerable to subjectivity, although it was selected due to its favorable psychometric properties. Using multiple methods for measurement might diminish the effect of response bias. Finally, the academic performance was evaluated only on a single exam, which might not sufficiently reflect an individual's real-world achievement and might be biased by factors that were not controlled for in this study. Future investigations using the scores on exams across time are required to confirm our findings.

The current study explored the neural processes underlying grit and the relationship of these processes with academic performance. We found that spontaneous activity in the right DMPFC was related to individual differences in grit. This finding persisted even after the effects of general intelligence and the 'big five' personality traits were controlled for. Briefly, our study demonstrated a unique functional neural mechanism underlying grit. Furthermore, our research indicates that the spontaneous activity of the right DMPFC acts as a neural link between grit and academic performance. Finally, our findings may have educational implications in that grit-related behavioral (e.g. [@nsw145-B29]) and neural training programs (e.g. [@nsw145-B85]) can be developed to improve students' grit-related skills, which can help them achieve better academic-related outcomes.
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[^1]: *Note: N* = number; s.d. = standard deviation; RAPM, Raven's Advanced Progressive Matrix; NEO-FFI, NEO Five-Factor Inventory.

[^2]: Note: We set the threshold at *P* \< 0.05 at the cluster level (combined with voxel-wise *P* \< 0.001; at least 24 voxels, 648 mm^3^). DMPFC, dorsomedial prefrontal cortex; BA, Brodmann's area; L = left, R = right; MNI = Montreal Neurological Institute; FD, framewise displacement; RAPM, Raven's Advanced Progressive Matrix; NEO-FFI, NEO Five-Factor Inventory.
